Alfred Lukyanovich Yarbus (1914Yarbus ( -1986) pioneered the study of stabilized retinal images, miniature eye movements, and the cognitive influences that act on visual scanning. Yarbus's studies of these different topics have remained fundamentally disconnected and independent of each other, however. In this review, we propose that Yarbus's various research lines are instead deeply and intrinsically interconnected, as are the small eye movements produced during visual fixation and the large-scale scanning patterns associated with visual exploration of objects and scenes. Such apparently disparate viewing behaviors may represent the extremes of a single continuum of oculomotor performance that operates across spatial scales when we search the visual world.
Introduction
Contemporary research on eye movements and vision owes much of its foundation to the work of Alfred Lukyanovich Yarbus (1914 Yarbus ( -1986 Wade, 2015) . Although the details of Yarbus's life have remained largely obscure to English readers until recently (Tatler, Wade, Kwan, Findlay, & Velichkovsky, 2010) , his work influenced powerfully the field of eye movement research, especially since the 1967 English translation of his book, Eye Movements and Vision, originally published in Russian in 1965 (Yarbus, 1967 ).
Yarbus's work on stabilized retinal images ( Figure 1 ) and on the cognitive influences on scanning patterns (Figures 2 and 3 ) have each had a very strong impact on current oculomotor research (Tatler et al., 2010) . These two research lines represent viewing conditions that are polar opposites to each other in a number of ways:
(1) Vision in the absence of eye movements versus vision with unrestricted eye movements.
(2) Vision in highly contrived laboratory conditions versus an approximation to everyday vision-through the use of natural images and ecologically relevant viewing tasks. (3) Microscopic eye movements versus large saccades.
Yet, such apparently disparate matters are deeply and intrinsically connected. Indeed, they may represent the two extremes of a continuum of oculomotor behavior that encompasses both vast and minute scanning of the visual world.
The Fixation Misnomer
Classic studies by Yarbus and other eye movement pioneers were instrumental to the contemporary view that there is no such thing as strict visual fixation. Even when we gaze intently upon a defined target, our eyes never stop moving. The earliest references to this constant eye motion date back to Jurin, who in 1738 wrote about the ''trembling of the eye'' (Jurin, 1738) , and Helmholtz, who some decades later concurred that it is nearly impossible to maintain precise fixation (Helmholtz, 1985) . Studies conducted from the 1800s through the 1950s further established the existence of three main types of small eye movements during the relatively stable ''fixation'' periods that occur between saccades: These tiny motions are known today as microsaccades (or fixational saccades), drifts, and tremor. Microsaccades, the largest and fastest of the three fixational eye movements, are involuntary, jerk-like motions with comparable dynamics to those of classical saccadic eye movements. Drift, a slow, curvy motion of the eye, occurs between microsaccades. Tremor (or ocular microtremor), the smallest of the three, takes the form of a very rapid oscillation that occurs concurrently with drift ( Figure 4) .
Starting in the 1950s, several investigators, including Yarbus, characterized visual perception in the absence of all eye movements, including fixational eye movements Figure 1 . Schematic of the suction cup technique used by Yarbus. The target image is directly attached to the eyeball by means of a tightly-fitting contact lens assembly. The target is viewed through a powerful lens. The assembly is firmly attached to the eye by a suction device. Source: Martinez-Conde et al. (2004) . (Barlow, 1963; Ditchburn & Ginsborg, 1952; Riggs & Ratliff, 1952; Yarbus, 1957) . Much of this research relied on retinal stabilization techniques, where researchers shifted visual stimuli in such a way as to effectively cancel all eye movements. One way to accomplish this was to attach the visual target directly to the eyeball; thus, every time there was a gaze displacement, the stimulus moved with the eye, therefore negating the effect of eye movements and keeping the retinal images stable. Yarbus's retinal stabilization studies relied on a novel implementation of the suction cup technique (Wade, 2015) ; this consisted of a suction device that served to attach a tightly fitting contact lens assembly to the subject's eyeball. The contact lens assembly displayed a target image, which the subject viewed through a powerful lens (Figure 1) .
Early retinal stabilization studies by Yarbus and others showed that eye movement cancellation led to visual fading: Some amount of time (usually the scale of seconds, but sometimes longer) after retinal stabilization, visual perception faded onto a homogeneous field. When the eyes were released from stabilization, or if the stabilized image changed, perception quickly reappeared (Ditchburn, Fender, & Mayne, 1959; Drysdale, 1975; Gerrits & Vendrik, 1970; Krauskopf, 1957; Sharpe, 1972) . Contact lens slippage and other technical difficulties may have produced imperfect retinal stabilization, however, and thus contributed to the slow onset of visual fading (and occasional reappearance of the faded images) in early retinal stabilization research (Barlow, 1952 (Barlow, , 1963 . More recently, Coppola and Purves (1996) found that the entoptic images formed by the retinal vasculature (which are stable with respect to the eye as they are directly attached to the retina) can disappear in less than 80 ms.
Such retinal stabilization studies by Yarbus and others established that fixational eye movements are critical to maintain unchanging objects visible during fixation (MartinezConde, Macknik, & Hubel, 2004) .
We note that both fixational and nonfixational eye movements play many other roles in human vision besides preventing and counteracting perceptual fading: Some of these functions include the foveation and refoveation of targets of interest, visual exploration, and fixation correction, among others (Martinez-Conde, McCamy, Macknik, & Martinez-Conde, in press; McCamy et al., 2012) .
The Saccadic Eye Movement Continuum
Saccades are rapid eye movements that change the line of sight between successive points of fixation (Figures 2 and 3 ). They encompass a range of behaviors, including both voluntary and involuntary shifts of fixation, as well as the quick phases of vestibular and optokinetic nystagmus, and the rapid eye movements that occur during sleep .
Recent research indicates that saccades of all sizes share a common generator. Both large and small saccades-including those that interrupt accurate fixation-are part of a saccadic continuum that operates across spatial scales Otero-Millan, Macknik, Langston, & Martinez-Conde, 2013) .
The evidence supporting a saccadic continuum includes data from both behavioral and physiological research. Behavioral studies have shown that microsaccades and saccades share numerous physical and functional properties. For instance, both saccades and microsaccades are typically binocular and conjugate (Ditchburn & Ginsborg, 1953; Krauskopf, Cornsweet, & Riggs, 1960; Lord, 1951) and follow the main sequence (Otero-Millan et al., 2008; Zuber, Stark, & Cook, 1965; Figure 5(a) ). The temporal interactions between saccades and microsaccades further suggest a common oculomotor generator (i.e., if saccades and microsaccades share a common generator, it follows that microsaccade production should affect the timing of saccade production, and vice versa). Saccades that occur shortly after microsaccades have longer latencies than saccades that are not close in time to microsaccades (Rolfs, Laubrock, & Kliegl, 2006 . In addition, there are equivalent time intervals between microsaccades and saccades during exploration and search (Otero-Millan et al., 2008; Figure 5(b) ), indicating that saccades and microsaccades share timing constraints (i.e., there are comparable refractory periods from microsaccades to microsaccades, saccades to saccades, microsaccades to saccades, and saccades to microsaccades). These observations are consistent with the hypothesis of a shared saccade and microsaccade generation mechanism (Otero-Millan et al., 2008) .
The continuum from microsaccades to saccades may extend to ''saccadic intrusions'' (Gowen, Abadi, Poliakoff, Hansen, & Miall, 2007; Martinez-Conde et al., 2013; OteroMillan et al., 2011) -involuntary saccades that intrude on precise fixation and that are prevalent in various neurological disorders. Recent research has proposed that although microsaccades and square-wave jerks (SWJs)-the most common type of saccadic intrusion, consisting on a horizontal saccade away from the target and followed by a return saccade shortly thereafter-are traditionally considered as different types of eye movements, they are in fact fundamentally the same eye movement with different names (Gowen et al., 2007; Otero-Millan, Schneider, Leigh, Macknik, & Martinez-Conde, 2013; Otero-Millan et al., 2011) . Otero-Millan et al. (2011) proposed that the apparently dissimilar features of microsaccades and SWJs may result from two complementary mechanisms: one to produce microsaccades and another to correct fixation errors (via a return microsaccade) when a given microsaccade is too large. This would produce the square-wave coupling seen for pairs of microsaccades in normal vision (Otero-Millan et al., 2011) , and also the clinical SWJs observed in neurological patients suffering from Parkinson's disease and other movement disorders (Otero-Millan, Schneider, et al., 2013; Otero-Millan et al., 2011) .
Neural recordings from primate oculomotor structures have provided further evidence for a shared generator for microsaccades and saccades. Pioneering studies showed that burst neurons in the pontomedullary reticular formation (downstream from the superior colliculus [SC] ) and putative motor neurons in the nearby abducens nucleus are active during both microsaccades and saccades (Van Gisbergen & Robinson, 1977; Van Gisbergen, Robinson, & Gielen, 1981) . Similarly, neurons in the SC rostral pole (which represents foveal goal locations) are as active for small saccades as neurons in the SC caudal region (which represents peripheral goal locations) are for large saccades (Munoz & Wurtz, 1993) . Recent research has also found equivalent neural activity around saccades and microsaccades in numerous brain structures. The activity of omnipause neurons in the pontine raphe decreases during microsaccades (Brien, Corneil, Fecteau, Andrew, & Douglas, 2009; Van Horn & Cullen, 2012) , and there is a continuous representation of saccade directions and amplitudes through the SC, down to the smallest microsaccades (Hafed, Goffart, & Krauzlis, 2009) , with microsaccade representation in the SC rostral pole, in agreement with previous observations (Munoz & Wurtz, 1993) . Neural activity during microsaccades sometimes extends to small-amplitude voluntary saccades, consistent with behavioral evidence of a saccadic continuum, and rostral SC inactivation results in decreased microsaccade rates (Hafed et al., 2009) . Unilateral inactivation of the fastigial oculomotor region in the cerebellum likewise affects the metrics of visually guided saccades Goffart, Chen, & Sparks, 2004; Robinson, Straube, & Fuchs, 1993) and microsaccades (Guerrasio, Quinet, Buttner, & Goffart, 2010) .
Microsaccades During Visual Exploration and Search
Microsaccades were originally observed, and described, during the attempt to maintain prolonged fixation. Around the turn of the millennium, researchers wondered whether viewing conditions other than straight fixation on a target (such as the visual exploration and visual search of natural images) might also produce microsaccadic eye movements. An early attempt to investigate microsaccade production in freely moving human subjects (Malinov, Epelboim, Herst, & Steinman, 2000) concluded that only 2 out of >3,000 total saccades recorded could be classified as ''microsaccades.'' However, this study defined microsaccades in very stringent terms (i.e., saccades with magnitudes <12 arcmin) that were not in line with contemporary reports of microsaccade dynamics. (The vast majority of search coil and high-resolution video tracking recordings of human microsaccades conducted in the last two decades have reported considerably larger microsaccade magnitudes during attempted fixation, up to 1 to 2 , depending on the precise task and other experimental conditions.) Some years later, Otero-Millan et al. (2008) revisited the question of microsaccade production during free-viewing. To do this, they considered all saccades below 1 as microsaccades, irrespective of whether they were produced during prolonged fixation, or during the brief fixation periods in between large saccades during non-fixation tasks. Their results showed considerable microsaccade production across multiple viewing tasks, including visual exploration, visual search, and prolonged fixation, therefore indicating a role of microsaccades in natural vision and free viewing, for the first time ( Figure 6 ; See also, Martinez-Conde, 2006 and Figure 7) . Otero-Millan et al. (2008) also found that saccades and microsaccades had comparable spatiotemporal characteristics, including the presence of equivalent refractory periods between all pair-wise combinations of saccades and microsaccades, consistent with the concept of a microsaccade-saccade continuum ( Figure  5(b) ). More recently, found that observers generated more microsaccades on more informative than less informative regions of natural images. Increased microsaccade production was not fully explained by increased fixation duration, however, suggesting that the visual system uses microsaccades to heighten information acquisition from informative regions. Other studies have since concurred that microsaccades occur during free viewing, including in simulation scenarios representative of ecological conditions (Benedetto, Pedrotti, & Bridgeman, 2011; Di Stasi et al., 2013 , 2015 .
A Fixation-Exploration Continuum
The hypothetical separation between exploratory gaze shifts and attempted fixation dates back to the discovery of fixational eye movements (Ditchburn & Ginsborg, 1953; Dodge, 1907; Ratliff & Riggs, 1950) and remained a fixture in visual, cognitive, and oculomotor research for many decades (Otero-Millan et al., 2008) . Classic vision studies, including those by Yarbus, distinguished between visual exploration-characterized by the alternation of saccades and brief fixation periods-and attempted visual fixation-where observers maintained relative gaze stability despite the continuous occurrence of fixational eye movements (Barlow, 1952; Ditchburn & Ginsborg, 1953; Dodge, 1907; Ratliff & Riggs, 1950; Rolfs, 2009; Yarbus, 1967) . Mounting evidence in support of a common generator for exploratory saccades and fixational microsaccades nevertheless brought into question a dichotomy between exploration and fixation. Instead, it is possible that saccades and microsaccades form an oculomotor continuum along the spectrum of spatial scales, with classical exploratory saccades at one end and classical fixational microsaccades at the other end.
To be certain of such a conclusion, one must first reconcile the known discrepancies between the dynamics of saccades during exploration and those of microsaccades during fixation. One difference is that, during exploration, saccades occur at a rate of about three per second, whereas during fixation, microsaccades occur about once per second (MartinezConde, Macknik, Troncoso, & Hubel, 2009; Otero-Millan et al., 2008; Rolfs, 2009) . OteroMillan, proposed that this paradox would be resolved if exploration and fixation are not opposing behaviors, but instead the two extremes of a functional continuum in which saccades scan visual scenes of any sizes, including the smallest. To address this possibility, they tracked the eye movements of human participants while they fixated a small dot or freely explored natural images and blank scenes with sizes ranging from the massive to the minute (160 to 0.5 of visual angle). They found that saccadic rates not only decreased as the size of the field of exploration decreased but moreover fell on a continuum (Figure 8 ). Other saccadic properties, including direction, magnitude, peak velocity, and intersaccadic interval, also varied as function of image size, forming a continuum with the parameters of microsaccades during fixation. These results suggested that the human oculomotor system engages in continuous exploration while observing objects of all dimensions, with the size of the area of exploration determining saccadic parameters such as rate and magnitude. In other words, when people observe small things (i.e., minute scenes, object features, fixation targets), their oculomotor systems scan them as they do the entire visual scene during a classic exploration scenario, but with small and infrequent saccades, rather than the larger and more frequent saccades generated during classic exploration conditions. 
Discrete Sampling at Multiple Spatial Scales
The spatiotemporal dynamics of saccades and microsaccades might reflect a sampling strategy by which the brain discretely acquires visual information at multiple spatial scales. Gilchrist et al. observed that a patient (AI) who was unable to make eye movements (except Figure 7 . ''Girl from the Volga.'' Top right: The scan patterns represent one subject's free examination of the photograph during 3 min. Source: (Yarbus, 1967) . Bottom left: Replication of Yarbus's study: The scan patterns represent one subject's free examination of the photograph during 2 min. Bottom right: The microsaccades produced in the brief fixation periods during the free scanning follow the main sequence (i.e., velocity/magnitude relationship). Source: Martinez-Conde (2006).
for small-amplitude drifts) produced head saccades instead (Figure 9 ). Such head saccades were comparable to standard eye saccades in many of their characteristics, including their amplitude, duration of intersaccadic intervals, length of intervening fixations, and range of visual scanning during picture exploration (the peak velocity of head saccades was slower than that of regular eye saccades, however). These head saccades enabled the patient to read at normal speed and even carry out complex visuomotor tasks, such as making a cup of tea, without problems. The authors concluded that ''saccadic movements, of the head or the eye, form the optimal sampling method for the brain'' (compared with smooth scanning of the visual scene; Gilchrist et al., 1997; Gilchrist, Brown, Findlay, & Clarke, 1998; Land, Furneaux, & Gilchrist, 2002) .
Physiological studies comparing the neuronal responses triggered by saccades/ microsaccades to the responses triggered by instantaneous events, such as blinks and flashes, further support the idea that saccades and microsaccades sample visual information discretely (Martinez-Conde et al., 2009 ). Gawne and Martin (2002) found most neurons in V1, V2, V3V/VP, and V4V to have similar responses to the onsets and terminations of visual stimuli elicited by flashes, blinks, and saccades. This finding suggested that the neural circuits underlying visual perception respond to various kinds of transient events in similar fashion (Gawne & Martin, 2002) . Martinez-Conde et al. (2002) found that neural responses to flashes in the LGN and V1 were stronger than-but in the same order of magnitude as-responses to microsaccades, perhaps because of the greater abruptness of flashes with respect to microsaccades. Transient responses evoked by microsaccades in primate visual neurons usually take the form of bursts of spikes (Martinez-Conde, Macknik, & Hubel, 2000; Martinez-Conde et al., 2002 , which may or may not be followed by sustained firing during intersaccadic periods. Both bursty firing and microsaccade production have been related to visibility during fixation (McCamy, OteroMillan, et al., 2014; McCamy et al., 2012; Martinez-Conde, 2006; Martinez-Conde et al., 2000 , 2002 Martinez-Conde, Macknik, Troncoso, & Dyar, 2006; . In addition, the suppression of transient bursts is linked to perceptual suppression during blinks (Gawne & Martin, 2000) and to decreased target visibility during visual masking (Macknik & Livingstone, 1998; Macknik & MartinezConde, 2004; Macknik, Martinez-Conde, & Haglund, 2000) . Other studies have found that V1 neurons produce stronger responses to transient than to drifting stimuli and suggested that neural transients might underlie the behavior of cortical neurons as coincidence detectors (Shelley, McLaughlin, Shapley, & Wielaard, 2002; Williams & Shapley, 2007) . Slow gradual changes (which presumably result in sustained, rather than transient, firing) are also harder to detect than abrupt changes (Simons, Franconeri, & Reimer, 2000) .
The finding that microsaccades help to reverse and prevent perceptual fading provides a psychophysical counterpart to the discovery that microsaccades generate neural transients in visual neurons during fixation. Martinez-Conde et al. (2006) asked subjects to report the visibility of visual targets that faded and intensified perceptually during fixation (i.e., Troxler fading; Figure 10 ; Martinez-Conde et al., 2006) . They found that microsaccade onsets led to the visual restoration of faded targets, establishing a link between microsaccade production and visibility. Subsequent research showed that microsaccades are the most important eye movement contributor to restoring faded vision during fixation, for both foveal and peripheral targets (McCamy et al., 2012) and that both microsaccades and drift work together to prevent fading from happening in the first place .
Otero-Millan, also found a strong connection between microsaccade and blink production and the perception of the Rotating Snakes Illusion (Kitaoka, 2005) during fixation. This finding suggested that transient ocular events, such as microsaccades, saccades, and blinks, can trigger the perception of illusory rotation in certain static repetitive patterns, and is consistent with the generation of neural transients in visual neurons by (micro)saccades and blinks.
Discrete sampling may speed up neural processing by chunking information and thus provide an evolutionary advantage (Uchida, Kepecs, & Mainen, 2006) , not only in vision but in other sensory systems as well. Sniffs in rodents discretely sample olfactory information every 200 to 300 ms and thus are similar in their temporal dynamics to saccades and microsaccades in primates (Otero-Millan et al., 2008; Uchida et al., 2006) . Discrete sampling may also apply to tactile information, for instance, when subjects identify an unseen object with their fingertips or when blind people read Braille. Observers can determine the gist of a briefly flashed scene in a time as short as 150 ms, but not shorter (Thorpe, Fize, & Marlot, 1996) . The fact that this interval cannot be reduced, even with extensive training, suggests a lower limit in the number of neural stages and speed involved in visual information processing (Fabre- Thorpe, Delorme, Marlot, & Thorpe, 2001 ). Thus, even though the human oculomotor system only generates saccades/microsaccades every couple of 100 ms, there is reason to think that faster rates of saccade/microsaccade production might not improve vision significantly. 
Conclusions
Yarbus pioneered the study of perception during retinal stabilization and the investigation of the cognitive influences that act on scanning patterns during visual exploration. These two research lines are far from disjointed, and recent work indicates a deeper connection than was known in Yarbus's time. New behavioral and neurophysiological data support the hypothesis of a common generator for exploratory saccades and fixational microsaccades and suggest a continuum of oculomotor behavior that encompasses both vast and minute scanning of the visual world.
